Entanglement is a crucial resource for quantum communication networks [1] . Of particular relevance is the ability to distribute entanglement between remote systems that can also serve as quantum memories. Previous realizations have utilized atomic systems including warm [2, 3] and cold vapors [4, 5] , atoms embedded in cavities [6] , trapped ions [7, 8] and rare earth doped ions [9, 10] , amongst others. Here we introduce a purely micromachined solid-state platform in the form of chip-based nano-optomechanical resonators. We create and demonstrate entanglement between two nanomechanical devices across two chips that are separated by 20 cm. By transferring the mechanical quantum state to a laser field at telecom wavelength we also demonstrate the feasibility of directly incorporating our system into a real quantum network.
In recent years, nanofabricated mechanical oscillators have emerged as a promising platform for quantum information processing. The field of opto-and electromechanics has seen great progress, including ground state cooling [11, 12] , quantum interfaces to optical or microwave modes [13, 14] , mechanical squeezing [15] and single phonon manipulation [16] [17] [18] [19] . The demonstration of distributed mechanical entanglement however, was so far limited to intrinsic material resonances [20] and the motion of trapped ions [8] . Entanglement of engineered (opto-)mechanical resonances on the other hand would offer a new compelling route towards scalable quantum networks. The freedom of designing and choosing the optical resonances would allow for operation in the entire frequency range of the technologically important C-, S-and L-band of fiber optic telecommunication. Together with dense wavelength division multiplexing (on the ITU-T grid), this could enable quantum nodes separated by long distances (∼100 km) to communicate with large bandwidths. State of the art lifetimes for these engineered mechanical elements typically range between 1 µs [14] and 1 s [21] , which would allow for entanglement distribution on a regional or even continental level [22] . In addition, these entangled mechanical systems could be interfaced with microwaves [23] , opening up the possibility to integrate superconducting quantum processors in the local nodes of the network.
In this letter, we report on the observation of distributed entanglement of two nanomechanical resonators, mediated by telecom photons. We employ a protocol first proposed by Duan, Lukin, Cirac and Zoller (DLCZ) [24] , which was experimentally pioneered with ensembles of cold atoms [4] . The entanglement is generated proba- * These authors contributed equally to this work.
† Electronic address: sungkun.hong@univie.ac.at ‡ Electronic address: s.groeblacher@tudelft.nl bilistically by heralding a single phonon through the detection of a signal photon that could originate from either of the two identical optomechanical oscillators. Fabrication imperfections have previously limited the use of artificial structures, requiring external tuning mechanisms to render the systems indistinguishable. Here we demonstrate not only that obtaining sufficiently identical devices is in fact possible through nanofabrication but that our method should also allow scaling to more than two systems.
The mechanical oscillators we use in our experiment are nano-structured silicon beams with co-localized mechanical and optical resonances. Radiation pressure forces and the photoelastic effect couple the optical and mechanical mode with a rate g 0 , causing the optical frequency to shift under the displacement of the mechanical oscillator [25] . This effect can be utilized to selectively address Stokes and anti-Stokes transitions by driving the optical resonance with detuned laser beams, resulting in a linear optomechanical interaction. As was recently shown, this technique can be used to create non-classical mechanical and optomechanical states at the single quantum level for individual devices using photon counting and postselection [14, 18] .
In order to extend the DLCZ scheme to the entanglement of two separate optomechanical crystals, one of the main requirements is that the photons emitted from the optomechanical cavities have to be indistinguishable, i.e. creating a pair of nanobeams with identical optical and mechanical resonances. To date, however, fabrication variations have inhibited the deterministic generation of fully identical devices and the current design of our oscillators does not include any tuning capabilities. Considering the optical mode alone, typical fabrication runs result in a spread of the resonance frequency of about 2 nm around the respective center wavelength. Finding a pair of matching optical resonances on two chips close to a target frequency therefore currently relies on fabricating a large enough set, where the probability of obtain- The normalized mechanical resonances are measured through the optomechanical sideband scattering rates. The linewidth is limited by the bandwidth of the optical pulses and filters. Their frequencies differ by ∆Ωm/2π = 45 MHz, which could result in distinguishable photons potentially reducing the entanglement in the system. We compensate for this shift by tuning the optical pump fields accordingly through serrodyning, erasing any information that could lead to a separable state. (c) Sketch of the experimental setup. We create optical pulses from two lasers, which are detuned to the Stokes (pump) and anti-Stokes (read) transition of the optomechanical cavities. They are then combined on a 50/50 beamsplitter (BS), which forms an interferometer with a second combining beamsplitter. Each arm contains one of the mechanical oscillators cooled to their groundstate in a dilution refrigerator. The phase of the interferometer φ0 is stabilized using a fiber stretcher (Phase), while the phase between the pulses ∆φ is controlled using an electro-optic modulator (EOM). The same EOM is also used for serrodyning. Optical filters in front of two superconducting single-photon detectors (D1, D2) ensure that only photons scattered onto cavity resonance are detected, while the original laser pulses are completely surpressed. The mechanical devices are physically separated by 20 cm, while their optical separation is around 70 m.
ing an identical pair is sufficiently high. In fact, this is achievable with a few hundred devices per chip (see SI for details). In addition, a small mismatch in the mechanical frequencies, which is typically around 1%, can readily be compensated by appropriate manipulation of the optical pulse frequencies in the experiment.
For the experiments presented here, we choose such a pair with optical resonances at λ = 1553.8 nm (Q = 2.2 · 10 5 , g 0 /2π = 550 and 790 kHz for device A and B, respectively, see Figure 1 ). For these particular devices the mechanical resonances are centered around Ω m /2π ≈ 5.1 GHz and have a relative difference of ∆Ω m /2π = 45 MHz. The two chips are mounted 20 cm apart in a dilution refrigerator. While we utilize a single cryostat, there is in principle no fundamental or technical reason for keeping the devices in a common cold environment. For our specific setup, if the telecom fibers linking the two devices were to be unwrapped, our setup would already allow for bridging a separation of ∼70 m between the two chips without further modification. We also do not see any additional restrictions to extend this to several kilometers and beyond, since in our postselection scheme losses only affect the success rate and not the overall quality of the generated entanglement.
The protocol [24] for the creation and verification of the remote mechanical entanglement consists of three steps. Firstly, the two mechanical resonators are cryogenically cooled, initializing them in their quantum ground states [14, 18, 26] . As a second step, a weak "pump" pulse tuned to the upper mechanical sideband (ω pump = 2πc/λ + Ω m , c -speed of light), is sent into a phase stabilized interferometer (with a fixed phase difference φ 0 , see Fig. 1 and SI) with one device in each arm. This drives the Stokes process, i.e. the scattering of a pump photon into the cavity resonance while simultaneously creating a phonon. The presence of a single phonon is heralded by the detection of a scattered Stokes photon in one of our superconducting nanowire single-photon detector (SNSPD). The two optical paths of the interferometer are overlapped on a beamsplitter and a variable optical attenuator in one of the arms is set such that a scattered photon from either device is equally likely to go to each of the detectors. The heralding detection event therefore contains no information on which device the scattering took place and thus, where the phonon was created. The energy of the pulse is tuned such that the scattering probability p pump ≈ 1% is low, making the likelihood of creating phonons in both devices at the same time negligible. The heralding measurement therefore projects the mechanical state into a superposition of having a single excitation in device A |A = |1 A |0 B or device B |B = |0 A |1 B , while the other one remains in the ground state. The joint state of the two mechanical systems is therefore entangled
where θ m (0) = φ 0 is the phase with which the mechanical state is initialized at time τ = 0. It is determined by the relative phase difference that the pump beam acquires in the two interferometer arms [4] , which we can choose using our interferometer lock. However, since the two mechanical frequencies differ by ∆Ω m , the phase of the entangled state will continue to evolve as θ m (τ ) = φ 0 + ∆Ω m τ . The sign in Eq. (1) reflects which detector is used for heralding.
In the third step of our protocol, we experimentally verify the entanglement between the two mechanical oscillators. To achieve this, we map the mechanical state onto an optical field using a "read" pulse after a variable delay τ . This relatively strong pulse is tuned to the lower mechanical sideband of the optical resonance (ω read = 2πc/λ − Ω m ). At this detuning the field drives the anti-Stokes transition, i.e. a pump photon is scattered onto the cavity resonance while annihilating a phonon. Ideally, this state transfer will convert |Ψ into
where r A and r B are the optical modes in the two interferometer arms. The state of the optical field will now contain the mechanical phase as well as the phase difference θ r acquired by the read pulse. We can add an additional phase offset ∆φ to the read pulse in one of the interferometer arms such that θ r = φ 0 + ∆φ. Experimentally, this can be done by an electro-optic phase modulator (EOM) as shown in Figure 1 . Sweeping ∆φ allows us to probe the relative phase θ m (τ ) between the superpositions |A and |B of the mechanical state for fixed delays τ . As the DLCZ scheme is loss tolerant, we tune the energy of the read pulse to a state swap fidelity of 5%, reducing the heat load from optical absorption. A pump pulse detuned to the Stokes sideband of two identical optomechanical resonators is sent into an interferometer, creating a single excitation in either device A or B. This process emits a photon on resonance with one of the cavities, where the two possible paths are super-imposed on a beamsplitter when exiting the interferometer (left). Detection of this photon in one of the single-photon detectors projects the two mechanical systems into an entangled state, in which neither device can be described separately. In order to verify this non-separable state, an optical read pulse tuned to the antiStokes sideband is sent into the interferometer with a delay of τ , de-exciting the mechanical systems and emitting another on-resonance photon into modesri (i = A,B). The two optical paths are again super-imposed on the same beamsplitter (right), and the photon is detected, allowing to measure various second-order correlation functions, which are used to test an entanglement witness. The operatorspj,rj, andmi, with j = 1, 2 and i = A,B, denote the optical modes created from the pump and the read pulses after recombination on a beamsplitter, as well as the mechanical modes, respectively. Note that in our experimental realization, the detectors for the pump and read photons are physically identical (see Fig. 1 ).
So far we have neglected the consequence of slightly differing mechanical resonance frequencies for our heralding scheme. To compensate for the resulting frequency offset in the scattered (anti-) Stokes photons and to erase any available "which device" information, we shift the laser pulses by means of serrodyning (see SI) [27] . Specifically, we use the EOM, which controls the phase offset ∆φ, to also shift the frequency of the pump (read) pulses to device A by +∆Ω m (−∆Ω m ). The frequency differences of the pulses in the two opposing paths exactly cancel out the difference in mechanical frequencies, ensuring indistinguishably of the scattered photons at the output of the interferometer.
In order to unambiguously demonstrate that the measured state is indeed entangled, we need to distinguish it from all possible separable states, i.e. the set of all states for which system A and B can be described independently. A specifically tailored measure that can be used to verify this non-separability of the state is called an "entanglement witness" [28] . Here we use a witness that is designed for optomechanical systems [29] . In contrast to other path-entanglement witnesses, such as the concurrence [30] , it replaces measurements of third-order coherences g (3) by expressing them as second-order coherences g (2) , under the assumption of linear interactions between Gaussian states (except the detection itself). This greatly simplifies the requirements and measurement times for the experiments we present here. The assumptions are satisfied for our system as we initialize both devices close to the quantum ground state (step 1 of our protocol) and use the linearized optomechanical interactions, described in step 2 and 3 [31] . The upper bound for this witness of mechanical entanglement is given by [29] (see SI)
in a symmetric setup, with θ = θ r + θ m , j = 1, 2 denoting the heralding detectors and g
the second order coherence between the photons scattered by the pump pulse (p † j creation operator of the mode going to detector j = 1, 2) and the converted phonons from the read pulse (r † j creation operator of the mode going to detector j = 1, 2). For all separable states of the mechanical oscillators A and B the witness yields R m (θ, j) ≥ 1. Hence, if R m (θ, j) < 1 for any θ and j, the mechanical systems must be entangled.
While entanglement witnesses are designed to be efficient classifiers, they typically depend on the individual characterstics of the experimental setup. If for example, the second beamsplitter (see Figure 1) were to malfunction and act as a perfect mirror, i.e. all photons from device A (B) were transmitted to detector 1 (2), R m (θ, j) could still be below 1. This is due to the fact that the witness in Eq. (3) is estimating the visibility of the interference of |A and |B from a single measurement, without requiring a full phase scan of the interference fringe. To ensure the applicability of the witness, we therefore experimentally verify that we fulfill its assumptions. We first check that our setup is balanced by adjusting the pump laser power in each arm, as described above. This guarantees that the scattered photon flux impinging on the beamsplitter is equal from both arms (see SI). In order to symmetrize the detection, we use heralding detection events from both SNSPDs, i.e. we obtain the actual bound on the entanglement witness R m (θ) from measurements of R m (θ, 1) and R m (θ, 2) (see SI). By choosing the phase θ such that the correlations between different detectors i = j exceed the correlations on the same detectors j = 1, 2, g (2) ri,pj > g (2) rj,pj , we avoid that our measurements are susceptible to unequal splitting ratios of the beamsplitter. Additionally, we perform several phase sweeps verifying the coherence between |A and |B (see Figures 3 and 4) .
At the optimal phase setting of θ, with ∆φ = 0 and Phase ∆φ (π) Second order coherence g (2) Figure 3: Phase sweep of the entangled state. We vary the phase between the pump and the read pulses, ∆φ, and measure the second order coherence of the Raman scattered photons for a fixed delay between the pulses τ = 123 ns. Blue crosses represent the measurements of g (2) ri,pj (i = j = 1, 2), while red circles are the results of g (2) ri,pi (i = 1, 2). The sinusoidal dependence (fits shown as solid lines) on the phase clearly highlights the coherence of the entangled mechanical state. For the phase setting with maximal visibility (∆φ = 0), which is used to extract the entanglement witness, we acquire additional data in order to improve the statistical significance (green cross / circle). τ = 123 ns, we obtain an R m (θ) = 0.73 +0.10 −0.06 well below the separability bound of 1, i.e. we experimentally observe entanglement between the two remote mechanical oscillators with a confidence level of ∼99.4%. To further investigate the coherence properties of our entangled mechanical state, we perform a sweep of the delay time τ between the pump pulse and the read pulse. The mechanical frequency difference ∆Ω m allows to sweep a full interference fringe by changing the delay τ by 22 ns. Due to a limited hold time of our cryostat this sweep was performed at a higher bath temperature of T ≈ 80 − 90 mK, yielding a slightly lower, thermally limited, visibility (cf. Figure 4) . We can vary the delay further and observe interference between |A and |B up to τ ≈ 3 µs (see Fig. 4 ). From this measurement we can estimate a lifetime of a few microseconds of the entangled state. This is limited by the mechanical decay of device A, which is 1/Γ A ≈ 4 µs, as well as by thermal phonons created through absorption of laser light. While our devices are designed for low mechanical quality factors in order to reduce the thermalization time [18, 32] , the mechanical lifetime can in principle be greatly increased by adding phononic bandgap shields around the structures. Early designs including such a shield have reached 1/Γ ≈ 0.5 ms [33] , and should still allow for further improvements. This could put our devices directly on par with what has recently been demonstrated with rare earth ions in the classical regime [34] . We have experimentally demonstrated entanglement of two engineered mechanical oscillators, separated spatially by 20 cm and optically by 70 m. Imperfections in the fabrication process and the resulting small deviations of optical and mechanical frequencies for nominally identical devices are overcome through statistical selection of devices and optical frequency shifting, using a serrodyne approach. The mechanical systems do not interact directly at any point but are rather remotely interfaced through optical photons in the telecom wavelength band. The coherence time of the entangled state of several microseconds appears to be limited by absorption and the mechanical lifetime, which we designed to be low in order to reduce the measurement time required for our experiment. Both can be improved significantly, potentially putting our devices on par with other quantum systems. Our experiment demonstrates a protocol for realistic, telecom-compatible entanglement distribution using engineered mechanical quantum systems. The system presented here is directly scalable to more devices and could be integrated into a real quantum network. Combining our results with optomechanical devices capable of transferring quantum information from the optical to the microwave domain, could provide a backbone for a future quantum internet using superconducting quantum computers.
SUPPLEMENTARY INFORMATION Device fabrication and characterization
The devices in the main part are fabricated as described in reference [18] . The most crucial steps for generating two identical chips are the electron beam lithography and the inductively coupled plasma reactive ion etching. We beamwrite and etch on a single proto-chip containing two sets of devices. This chip is then diced into two halves, each with several hundred nominally identical resonators. The structures are subsequently released in 40% hydrofluoric acid and cleaned with the RCA method, followed by a dip in 2% hydrofluoric acid. When characterizing the two chips, we find the center wavelengths to be 1552.4 nm on chip A and 1550.0 nm on chip B (see Figure S1 ). The standard deviation on the spread of the optical resonances is around 2 nm on both chips. For the experiments in the main text, we search for resonances that overlap to within 10% of their linewidth, which is equal to around 100 MHz. We find a total of 5 pairs fulfilling this requirement within 234 devices tested per chip.
In order to verify that finding identical devices is not just lucky coincidence and that this can even be done with a smaller sample size per chip, one can estimate the number of devices needed for a birthday paradox type approach. Therefore, we assume a pair of chips with 234 devices each that are centered at the same target wavelength. Taking similar parameters as found in our actual chips, we use a spread in resonance wavelength of 2 nm and we define resonances to be identical if they match to within 100 MHz. While the probability of obtaining a single device exactly at the center wavelength is only 0.03%, the probability of finding two matching devices at any wavelength within this distribution is 99.9996%. This is reduced if an offset in the mean wavelength of the two chips is introduced. For an offset of 2.5 nm, the probability is 99.98%, and for 5 nm, it is still 92.7%. By extending this approach to, for example, four chips, with the same parameters as above, no offset in the center wavelength and 500 devices per chip, we calculate the probability of finding four identical resonances to be 51.6%. Such a quartet would directly enable experiments on entanglement swapping and tests of a Bell inequality, as proposed by DLCZ. Further improvements to our approach could include post-fabrication wavelength tuning, as has recently been demonstrated for similar devices [35] .
In addition, the mechanical resonances are also susceptible to fabrication errors and vary by up to 50 MHz for our devices. To overcome this mismatch, we use serrodyne frequency shifting (see sections below). Figure S1 : Distribution of optical wavelengths. We plot a histogram (bin size 1 nm) of the optical resonance wavelengths for a large set of devices on each of the chips containing devices A (gray) and B (magenta). The fits of a Gaussian distribution to the data sets (red solid lines) give a standard deviation of 2.3 nm and 2.0 nm, respectively. The large overlap of the optical resonance frequencies highlights the feasibility of extending the entanglement to even more optomechanical devices in the future.
Experimental setup
A detailed drawing of the experimental setup is shown in figure S2 . The light sources for our pump and read beams are two New Focus 6728 CW lasers, tuned and stabilized on their respective sideband of the optical resonance. The beams are filtered by MicronOptics FFP-TF2 tunable optical filters in order to reduce the laser phase noise in the GHz regime. We then proceed to generate the actual pump and read pulses by driving acousto-optic modulators (Gooch&Housego T-M110-0.2C2J-3-F2S) with an arbitrary function generator (Tektronic AFG3152C). These pulses are then combined on a variable ratio coupler (Newport F-CPL-1550-N-FA). The combined optical mode is subsequently split by another variable ratio coupler and fed into the Mach Zehnder interferometer. The coupling ratio is adjusted to primarily compensate for a small difference in total losses between two paths. The power in the interferometer arms can additionally be balanced by an electrically driven variable optical attenuator (Sercalo VP1). We reflect the pulses from the two devices via optical circulators and recombine on a 50/50 coupler (measured deviation of 0.6%, see below). The strong pump pulses are filtered with two MicronOptics FFP-TF2 fiber filters per detection arm, tuned to transmit only the scattered (anti-) Stokes photons (bandwidth 50 MHz). We detect the resonant photons with superconducting nanowire single photon detectors (Photonspot) and register their arrival times on a TimeHarp 260 NANO correlation board.
Serrodyne frequency shifting
In our experiment, the mechanical frequency of device B (Ω m,B ) is greater than of device A (Ω m,A ) by ∆Ω m = 2π · 45 MHz. If we were to send pump pulses with exactly the same frequency ω pump to both of the devices, they would produce scattered photons with frequencies ω o,A = ω pump −Ω m,A and ω o,B = ω pump −Ω m,B = ω o,A − ∆Ω m . This frequency mismatch of scattered photons from the two devices would make them distinguishable, therefore preventing the entangled state. A simple solution is to shift the frequency of the pump pulse going to the device A by ∆Ω m , i.e. ω pump,A = ω pump − ∆Ω m . We experimentally realize this by electrically driving the electro-optic phase modulator on the path to device A, with a sawtooth waveform. This so-called serrodyne modulation with frequency ω s = ∆Ω m and peak-to-peak phase amplitude of 2π results in an optical frequency shift of ω s [27, 36] . We use an arbitrary waveform generator (Agilent 81180A, bandwidth DC to 600 MHz) to generate the sawtooth voltage signal, amplify it with a broadband amplifier (Minicircuits TVA-R5-13A+, bandwidth 0.5 to 1000 MHz) and apply it to the optical phase modulator (Photline MPZ-LN-10-P-P-FA-FA-P, bandwidth DC to 12 GHz). We also apply an additional DC-bias to the serrodyne signal in order to generate a fixed phase offset ∆φ in the interferometer arms.
Phase stabilization of the interferometer
For stabilizing the phase of the interferometer, we use an additional laser pulse ∼5 µs after the read pulse. To produce these auxiliary pulses, we also use the reddetuned laser that generates the read pulses and send them along the same beam paths. After being reflected from the optical filters in the detection line, the pulses are re-routed by optical circulators and picked up by a balanced detector (see Figure S2) . These signals are then sent to a PID controller, which regulates a fiber stretcher to stabilize the relative path length and therefore locking the phase of the interferometer on a slow timescale (i.e. with the experiment repetition period of 50 µs).
In principle, the read or pump pulses that are reflected off the filter cavities could also be used for the phase locking. However, the serrodyne modulation during pump and read results in a beat signal of the pulses behind the beam splitter. This beating requires more sophisticated signal processing, which we avoid by using the auxiliary pulses, during which the serrodyne modulation is off. We note that the auxiliary pulses also induce some absorption heating of the devices. However, the 50 µs repetition period is sufficiently long compared to the decay times of the devices for the extra heating not to influence our experimental result.
Entanglement witness and statistical analysis
The entanglement witness
(S1) derived in reference [29] is based on the concurrence of the bipartite mechanical system. Note that R(τ, j) can also be expressed as exclusively mechanical operators acting on a state heralded by a photon. They derive an upper bound to this witness R m , which can be obtained by optical measurements, as given in the main text in Eq. (3). As R m ≥ R, this bound can itself serve as an entanglement witness. This is based on several of assumptions which we would like to examine closer in this section. To obtain R m , threefold coincidence measurements are re-expressed as twofold coincidences, which can be done for Gaussian states. Note that as the degrees of second order coherence in Eq. (3) are measured between the pump and the read pulse, they are applied to this Gaussian state, not to the heralded, non-Gaussian entangled state |Ψ ∼ |A + e iθ |B . In our case, we let the mechanical oscillator evolve freely for more than 7 times its coherence time, making sure that no information is present except for its temperature. Consequently, the initial state is thermal, i.e. Gaussian. During our protocol, all optomechanical interactions are linear, conserving the Gaussianity of the state. Unintentional interactions, like absorption heating, happen probabilistically and in a remote frequency regime, such that it effectively acts as a Gaussian thermal bath [18] . Though not strictly contributing to the mechanical state, we also consider false positive detection events: pump photons leaking through the filter stages can still be described as a coherent beam. Detection of stray photons and electrically caused false positive events are rare (∼0.3% of the total count rate in the detection window) and uncorrelated (autocorrelation g (2) (0) = 1.05 ± 0.09), such that it is reasonable to model it as a Gaussian process as well.
For the leaving the interferometerr j ,p j , reference [29] assumes an ideal 50/50 beamsplitter with equal powers on each input. For small experimental deviations from this idealized scenario, this results in quadratic corrections to the witness. For example, when the ratio of read photons at the beamsplitter originating from devices A and B is 1 + δ, the measurable upper bound changes to R m · (1 − δ 2 /2) ≥ R for small δ. In our experimental setup, we choose a fused fiber beamsplitter with a measured deviation of 0.6%, leading to a correction on the order of 10 the pump and the read pulses, we cannot fulfill both requirements at once, due to slightly differing heating dynamics in both devices. We choose to match the detection rates of heralding photons, i.e. photons scattered by the pump pulse. This preserves the unknown origin of the heralding photons, which is conceptually important. Differences in the optomechanical coupling strength and optical losses on the path from the device to the combining beamsplitter are compensated by adjusting the drive power in each path. After the balancing procedure, the relative difference in count rates of heralding photons is below 2%, limited by the measurement precission during the balancing run and laser power fluctuations during the measurements. This leads to a correction of the witness below 10 −3 . As we work in the weak coupling regime, i.e. low down conversion probabilities ∼1% and state transfer efficiencies ∼5%, this theoretically balances at the same time the flux of coherent photons scattered by the read pulse. The remaining imbalance in count rates from the read pulse comes from different absorption properties of devices A and B, leading to a measured relative flux ratio deviation of δ ∼ 5 − 10%. It can easily be seen from Equation (3) that an increased heating will increase the witness R m , and therefore the heating induced imbalance does not limit the validity of the witness. Yet, neglecting the thermal origin of the imbalancing, we obtain a correction of R m of 0.5% in the worst case scenario. This completely dominates the upper bound on the total systematic error of ∼0.5%, which is far below the statistical uncertainty of our measurement, see below.
For the estimation of the confidence intervals, we utilize binomial distributions for all coincidence counting results, i.e. degrees of second order coherence. For the entanglement witness R m in Eq. (3), which is a non-trivial function of multiple second order coherences R m (g (2) r1,pj , g (2) r2,pj ), we integrate over the constituents. For the infinitesimal interval R m ∈ [f, f + δf ] we obtain the probability P (R m ∈ [f, f + δf ]) = (a,b)∈M P (g (2) r1,pj ∈ [a + δa])P (g (2) r2,pj ∈ [b + δb]) with R m (a, b) ∈ [f, f + δf ] ∀(a, b) ∈ M. For this, we use the discretized probability density functions of the second order coherences P (g (2) ri,pj ∈ [a + δa]), i = 1, 2 on the equidistant a = nδa, n ∈ N. For the optimal read phase θ opt we obtain R m (θ opt , 1) = 0.62 +0.13 −0.06 and R m (θ opt , 2) = 0.82 +0.17 −0.08 . Note that for states heralded only with the more efficient detector 1, we already have a confidence level for entanglement between the two mechanical oscillators of above 99%. We obtain the symmetrized witness by treating the R m (θ opt , 1) and R m (θ opt , 2) as independent measurements of actual expectation value R m = R m (θ opt , 1) = R m (θ opt , 2) .
